The traditional ecological knowledge (TEK) of Lacandon Maya is expressed in their swidden (i.e., slash-and-burn), sequential agroforestry system. Successional pathways are initiated through controlled burns of secondary forest and by cultivating milpa: a swidden polyculture agroecosystem dominated by maize (corn; Zea mays). While past research demonstrated that traditional Maya milpas yield large quantities of corn that can meet caloric requirements for Lacandon communities, no studies have comprehensively quantified the yields of other crops cultivated in Lacandon milpas or assessed whether they can meet other nutritional requirements for local people. Using a case study approach, this research measured the agricultural yields and nutritional content of all foods (including crops and wild game) harvested from a traditional Lacandon milpa. Following traditional Lacandon agroforestry management practices, we performed a controlled burn of secondary forest and planted crops and trees in an experimental milpa in Lacanja Chansayab, Chiapas, Mexico. Over 3 years, we harvested, weighed, and calculated the nutritional content of all foodstuffs obtained from the milpa. Assuming an average family size of 5.3 individuals, yields from an average-sized milpa can meet most United States Food and Drug Administration daily value nutritional requirements per capita, including calories, fat, carbohydrates, fiber, sugar, protein, vitamins A and C, calcium, iron, zinc, and niacin. Diets derived exclusively from milpa may be deficient in saturated fat, cholesterol, sodium, calcium, and iodine, and harvests vary intra-and inter-annually. Lacandon farmers can supplement these harvests by foraging in their managed forest. These results underscore the potential of Lacandon agroforestry management to provide rural smallholder farmers in the Lacandon rainforest with food sovereignty while maintaining nearby forest cover to conserve biodiversity and other ecosystem services.
Introduction
The Lacandon Maya constitute an indigenous group who have resided in the Lacandon Rainforest region of Chiapas, Mexico since at least the late 1700s (Palka 2005) . In 1972, the Mexican government granted the Lacandon Maya 621,324 ha of land around the major Lacandon communities of Lacanja Chansayab, Naha, and Metzabok. They continue to farm and manage land in this Comunidad Zona Lacandona (Lacandon Community Zone) (Calleros-Rodríguez 2014) . Lacandon Maya traditional ecological knowledge (TEK) is partially expressed through their multi-stage swidden (i.e., field and fallow, slash and burn) agroforestry system, which allows them to conserve the surrounding tropical moist forest Electronic supplementary material The online version of this article (https://doi.org/10.1007/s12571-019-00901-6) contains supplementary material, which is available to authorized users.
while still obtaining the food and other goods and services they need (Nations and Nigh 1980; Falkowski et al. 2015) . TEK such as the Lacandon Maya's, is defined as Ba cumulative body of knowledge, belief, and practice, evolving by accumulation of [knowledge, which is] handed down over generations through traditional songs, stories and beliefs… [concerning] the relationship of living beings (including human) with their traditional groups and with their environment^ (Berkes 2008) .
Milpa management mimics the characteristics and processes of natural ecosystems, including the maintenance of diversity, accepting environmental change, and recycling matter and energy (Toledo and Barrera-Bassols 2009) . Thus, milpa management limits the use of external inputs, is productive, and protects the natural environment . Milpa cultivation is also a culturally important practice that is fundamental to the social status of Lacandon farmers, who are judged in part by their ability to provide for their families (de Frece and Poole 2008) . These characteristics make it socioecologically sustainable within the context in which it was developed (Rubio and Ordóñez 2008) . We provide more detail about Lacandon Maya agroforestry in Section 2.1.
The poverty rate in Chiapas is 74.7%: the highest in the country (Consejo Nacional de Evaluacion de la Politica de Desarrollo Social 2012). This has resulted in a high degree of malnutrition (47%), particularly among rural smallholders and children in the Lacandon Rainforest region of south-eastern Chiapas (Juarez and Gonzalez 2010; Sanchez-Perez et al. 2007 ). Mexico's indigenous population, 67% of whom live in rural areas, are particularly impoverished, lack access to social services and basic infrastructure, and suffer high illiteracy rates relative to the dominant mestizo population (de Frece and Poole 2008; Poole et al. 2007 ). The economic and sociopolitical marginalization of these rural indigenous peoples is one of the main drivers of conflict in the region (Homer-Dixon 1996) .
Several factors have been linked to the malnutrition of rural smallholders, which has been called the Bhungry farmer paradox^in the Global South (Bacon et al. 2014) . Some argue that low crop yields from traditional smallholder agroecosystems can result in rural poverty (Bernstein and Herdt 1977; Phalan et al. 2011; Tittonell and Giller 2013) . According to this perspective, traditional agroecological management cannot match the productive capacity of more intensive agriculture, making the former incompatible with international and national commodity market economies and trapping rural smallholders in a cycle of poverty. This, in turn, drives environmental degradation due to extensive land cover conversion. These researchers and policymakers argue that rural smallholders can overcome this poverty trap by intensifying their agroecological management and maximizing yields. This can include reducing the biodiversity of their agroecosystems to focus on cultivating commercial cash crops, using fertilizers and pesticides, and mechanizing labor inputs.
Others argue that traditional agroecosystems, like those of the Lacandon Maya, are both productive, culturally important, and can help conserve biodiversity because they do not rely upon external energy inputs (Giraldo 2018; Paulino 2014; Perfecto and Vandermeer 2008) . They claim that hegemonic socioeconomic forces continue to marginalize indigenous peoples and poor rural smallholders, relegating them to farm infertile land prone to environmental degradation. According to this view, rather than empowering rural smallholders, intensifying agricultural production in these regions will force them to continuously add expensive external inputs, such as chemical fertilizers and pesticides, rather than rely upon traditional management strategies that would minimize crop losses and increase socioecological resilience (e.g., diversification). Bacon et al. (2014) noted that food insecurity among rural smallholders is common, but generally seasonal. They provide an empirical case study detailing several interrelated factors that contribute to the hungry farmer paradox, including annual precipitation cycles, crop price fluctuations, interannual droughts, and low income derived from cash crop production (such as coffee). They also demonstrated several ways to address this problem: increasing agricultural production by cultivating larger areas, improving crop storage, and diversifying agroecosystems, particularly with perennial fruit trees. Finally, they concluded that there were insufficient data assessing how smallholder agroecological management is linked to food security or lack thereof.
We also observed a lack of empirical research regarding the productivity of traditional agriculture. Most of the existing analyses only consider the yields of a few crops -particularly grains -ignoring both the productivity of the entire agroecosystem and the importance of diversity in ecological agriculture (Affholder et al. 2013; Lobell et al. 2008; Van Ittersum et al. 2013) . Furthermore, most food security research has focused on the yields and total caloric value of these rather limited sets of harvested crops. Total calories are but one variable in determining whether agroecological management can meet the nutritional needs of rural smallholders. Calorie-rich diets can still be nutritionally-poor (Pinstrup-Andersen 2009).
In the case of traditional Maya milpas, most data are focused on maize (i.e., corn) (Zea mays) (Cowgill 1960 (Cowgill , 1961 (Cowgill , 1962 Redfield and Villa Rojas 1962; Villa Rojas 1945; Diemont and Martin 2009; Nations 1979; Nations and Nigh 1980; Schwartz 2015) . Some research has documented the yields of the other two crops, besides corn, which are commonly planted in Maya milpas and staples of traditional Mesoamerican diets: beans (Phaseolus vulgaris) Cowgill 1961; Teran and Rasmussen 2009 ) and squash (Cucurbita spp.) (Cowgill 1961; Teran and Rasmussen 1994) . While these crops are undoubtedly critical for Maya farmers' subsistence given their prevalence in Maya milpas, many more crops are planted in this traditional agroecosystem (Ford and Nigh 2016) .
To fill this knowledge gap, we used a case study approach to systematically and empirically assess the yields of all the food crops harvested from an experimental Lacandon Maya milpa. This quantitative assessment provides a holistic overview of crop and wild game yields from this agroecosystem in contrast to past studies, which have focused on corn and calories. Furthermore, we considered a broad range of nutrients in order to evaluate whether Lacandon Maya milpas could meet the nutritional requirements and ensure food security for smallholder farmers and their families. Because little is known about the temporal distribution of crop availability and harvests in Lacandon milpas, we also assessed how the productivity of this milpa changed over time. These data are critical to determining whether Lacandon milpa cultivation may still result in seasonal food insecurity intra-annually or be sensitive to interannual socioecological changes.
Methodology

Description of the Lacandon Maya agroforestry system
Near the end of the dry season, Lacandon farmers begin the cycle of agroforestry management by cutting vegetation on small patches of land that were previously cultivated, but had since been left in order to regenerate soil fertility. The farmers then burn this land, keeping the fire at low intensity to prevent it from spreading and to promote the production of black carbon, which serves as a soil amendment (Diemont et al. 2011; Diemont and Martin 2009; Nigh and Diemont 2013) .
The first agroforestry stage is a milpa, or kor in Lacandon Mayan. The Lacandon Maya agroforestry system can also be referred to as the milpa cycle, which includes the milpa field stage of agricultural production described below (Ford and Nigh 2009 ). For the purposes of this article, we will use the latter meaning of the term. Corn (maize) is the primary milpa crop, both in terms of its yield and its contribution towards meeting Lacandon nutritional needs. Lacandon farmers recognize up to six cultivars of corn: white (sak nar and nu kux sak nar in Lacandon Mayan), yellow (k'an nar), rojo (chak nar), short (k'aba nar), and black (ek nar), all of which serve different cultural uses and functions. White (sak nar) corn is the most common. It is very hard and rot-resistant, allowing for long-term storage when dried, but also requires to be boiled along with alkaline substances so that it can be consumed. This process, known as nixtamalization, is typically performed using lime, wood ash, or snail shells (Pappa et al. 2010) . Red corn (Chak nar) is nearly as commonly planted and is also a hard field corn. Black corn (Ek nar) is similarly rot resistant. Yellow (K'aba nar) and white (nu kux sak nar) corn are both less rot resistant and therefore less commonly cultivated.
While corn is the dominant milpa crop, Lacandon farmers also plant a diverse polyculture in their milpas at the onset of the rainy season around May (see Nations and Nigh (1980) , Contreras et al. (1999) , McGee (2002) , Diemont (2006) , Cook (2016) , and Ford and Nigh (2016) for various lists of crops planted in Lacandon Maya milpas). Most crops are cultivated for personal consumption, but Lacandon farmers will cultivate and sell others, such as tobacco and sugar cane, at local markets (McGee 2002) . Lacandon farmers harvest crops continually throughout the year (Falkowski et al. 2015) . They weed their milpas as often as once a week and use the dried weeds as an organic soil amendment . Lacandon farmers also actively plant particular tree species or facilitate the establishment of seedlings dispersed from nearby forests. This is typically done near the end of milpa cultivation. Many of these trees provide not only provisioning ecosystem services, including food, fuel, and medicine, but regulating and supporting services, including carbon sequestration, pest control, maintenance of soil fertility after depletion due to milpa cultivation, nutrient cycling, soil stabilization, habitat, and seed dispersal (Diemont and Martin 2009; Diemont 2006; Falkowski et al. 2016) .
After about five years, milpa production begins to decline as a result of cultivation, increasing weed cover, and depletion of soil nutrients. Lacandon farmers will either burn and replant it to increase productivity, or leave it to continue to the acahual, or fallow shrub stages. These periods of time include the robir, which typically lasts two years, and the jurup che, which lasts approximately another two years (Diemont and Martin 2009; Falkowski et al. 2015) . Lacandon farmers will continue to manage the plots by selectively trimming and planting desirable timber species and extracting resources such as medicinal plants, food, and firewood (Nations and Nigh 1980) . After the jurup che, they will either burn the plot once again and replant it as milpa, or allow it to progress toward the early secondary forest stages: pak che kor and mehen che (Diemont and Martin 2009) . Pak che kor literally translates to Bplanted tree milpa^and may contain more direct consumables, such as pineapple (Ananas comosus), Choco palm (Astrocaryum mexicanum), and firewood, than subsequent stages (Falkowski et al. 2016) . Farmers may allow the system to progress to advanced secondary forest, nu kux che, which is often older than 40 years, or burn and replant it as milpa again if they believe the soil has recovered from the previous cultivation period. Lacandon farmers still take an active management role in forest plots. For example, they clear areas around desirable tree species to reduce competition for light and nutrients. Lacandon extract resources from all stages by gathering medicinal and edible plants, cutting timber for building and firewood, fishing and harvesting snails in rivers and streams, and hunting for peccary, agouti, and monkeys (Diemont and Martin 2009) . Some of the land is never disturbed and maintained as primary forest, called kax or tam che in Lacandon Mayan, to act as seed sources, regulate water cycles, and provide wildlife habitat (Diemont and Martin 2009; Nations and Nigh 1980) .
Study site
The Lacandon Rainforest region is classified as tropical moist forest according to the Holdridge life zone system. A short dry season lasts from January through April (Servicio Meterologico Nacional 2010). Rainfall averages approximately 2300 to 2600 mm per year and the mean temperature is 24.7°C. We conducted all field sampling in experimental milpas in the Lacandon Maya community of Lacanja Chansayab, Chiapas, Mexico (16.6026°N, 90.9149°W, 500 m above sea level) (Fig. 1) . Most of the soils near the study site are clayey luvisols and humic acrisols associated with calcareous rendzinas (Diemont and Martin 2009; INEGI 1990; Levy Tacher and Golicher 2004) .
The site was located on flat terrain. We established five 600 m 2 milpa plots totaling 0.3 ha as part of another, largerscale restoration study. The localized nature of this study limited variation in site conditions and land-use history. We situated the plots at random locations within a 1 ha clearing. We made sure each plot was separated from other plots and the surrounding secondary forest by cutting 5 m wide buffer strips around each one to minimize edge effects.
Field methods
A Lacandon farmer and a co-author of this article (Chankin) managed the sites according to traditional Lacandon Maya agroforestry practices over the duration of the study. We applied traditional methods to prepare, plant, and harvest the milpa plots. In May of 2013, we slashed and burned the plots to clear them for planting (Nigh and Diemont 2013) . We planted a mixture of annual crops in the experimental plots in June of 2013. We also planted several native trees and shrubs that would provide food during the agroforestry stage of the milpa system. These same species provide regulating and supporting ecosystem services such as attracting pollinators and seed dispersing animals, improving conditions for later successional plant species, and enhancing soil fertility during the acahual and secondary forest stages. This management included regular weeding, hunting wildlife that damage crops, and harvesting.
All crop and non-crop foodstuffs were traditionally harvested as was necessary and appropriate. We weighed the harvested game animals and crops with a hanging spring scale. We continued quantifying the yield from these milpas from July 1, 2014 to June 30, 2017.
Quantitative analysis
Using the USDA Food Composition (United States Department of Agriculture 2016) and Plants for a Future Species (Plants for a Future 2012) databases, we identified the nutritional information per unit mass of each food harvested in the milpa plots, including both wild game animals and crops (Electronic Supplementary Material). We tabulated total bulk calories (kcal); total, saturated, and trans fats (g); cholesterol (mg); sodium (mg); total carbohydrates (g); dietary fibre (g); sugar (g); protein (g); vitamin A (IU); vitamin C (mg); calcium (mg); iron (mg); zinc (mg); and niacin (mg) per kilogram of foodstuff. We used international units (IU) as a measure of vitamin A, because some data did not differentiate between retinol and beta carotene, which had different mass equivalents. Of these, all but zinc and niacin must be listed on food labels approved by the United States of America Food and Drug Administration (U.S. Department of Health and Human Services 2013). We also included zinc and niacin in our analysis because Mexican children commonly suffer zinc deficiency (Rosado et al. 1995) . Additionally, Wright (2006) suggests that the diets of the Pasión Maya, which were based on traditional Maya agriculture, may have been deficient in niacin, protein, vitamin C, and iron based on osteoarchaeological research.
To evaluate whether the Lacandon Maya milpa could produce enough food to meet the caloric and nutritional requirements established by the United States Food & Drug Administration (USFDA) (United States Food & Drug Administration n.d.), we calculated the percent daily values (DVs) met by average milpa yields. We multiplied the total harvested mass of each food (i.e., crops and hunted game) by its nutrient density (nutritional content per kilogram; see the supplementary information for further details about the nutritional information used, including proxies if direct nutritional information was unobtainable). We standardized these nutritional values for harvests from our 0.3 ha study area to calculate the mean daily nutritional content provided by a typical 2.33 ha Lacandon Maya milpa area (average of milpa areas listed in Diemont (2006) ) over the 1095 day study period. Although plots were spatially distinct, they were all clustered and managed by one farmer. We thus decided to pool the harvests from individual plots and consider them collectively in the quantitative analysis. Finally, we divided these daily nutritional yields by the USFDA daily reference values to determine how many individuals a typical milpa could support. As per Boremanse (1998) , we assumed the average Lacandon family size as 5.3 people. In order to assess how milpa yields changed from the first to the second year of cultivation, we compared the crop yields from July 1 through June 30, 2014 June 30, -2015 June 30, , 2015 June 30, -2016 June 30, , and 2016 June 30, -2017 . All computations were performed in R (R Development Core Team 2014).
Results
Over the course of the project, 37 different non-timber products, including crops, medicinal plants, and wild game animals, were harvested from the study milpa (see Supplementary  Material) . The type and number of crops harvested from the milpa varied from year to year. In 2014-2015, 2015-2016, and 2016-2017, 20, 24 , and 29 crop species were harvested, respectively (Table 1) . Seventeen crops were harvested in every year of the study. The yields of some crops, such as chayote (Sechium edule), varied considerably from year to year, while others, such as corn, were planted consistently and yielded quantities that were fairly stable over the course of the study (Figs. 2 and 3) .
The multimodal temporal distribution of milpa crop and game harvests corresponds to the distribution of milpa harvest nutritional content (Fig. 4) . Harvested milpa foods met most of the percent DV nutritional requirements of an average-sized Lacandon Maya family (Table 2 ). Over the entire study period, milpa crop DVs exceeded 530% for all nutrients except saturated fat, cholesterol, sodium, calcium, and iodine. Percent DVs fluctuated from year to year, but consistently met DV requirements over all three years of the study.
A few crops and wild game species accounted for most of the harvested nutrients (Table 3) . Corn alone provided at least half of the total calories, total fat, saturated fat, sodium, carbohydrates, dietary fibre, protein, iron, zinc, and niacin obtained from Lacandon milpas. It is essential to meet daily requirements for iron, zinc, and niacin (Table 4) . Other crops, including sweet potato (Ipomoea batatas), plantain (Musa X paradisiaca), and wild game species, such as paca (Cuniculus paca) and armadillo (Dasypus novemcinctus) were also necessary to supplement to ensure a balanced milpa-based diet that includes cholesterol, vitamins A and C, and calcium.
Discussion
Food security and sovereignty
Intra-annual crop yields obtained from our experimental milpa plots were inconsistent. Various crops were harvested at different times throughout the year (e.g., sugarcane was primarily harvested in April, while beans were mainly harvested in September and stored for later use). Most crops were harvested seasonally on an annual basis (e.g., squash, tomato), while animals were hunted in milpas more sporadically and at several times throughout the year. Large quantities of some crops, such as papaya (Carica papaya), were harvested after windstorms toppled trees and crop stalks. Corn was the most consistently harvested crop given its dominance in the milpa. However, even corn was commonly harvested during a particular period at the end of the rainy season in October through December (called ka' wi' in Lacandon Mayan). These harvest periods primarily depended on annual precipitation seasonality and the growth rates of individual crop species. Hunting wild game was also inconsistent, though it was also tied to precipitation seasonality, crop phenology, and wildlife reproductive cycles. Fish and crabs were only found in milpas early in the rainy season when ephemeral streams can form in or near the milpa site. Despite the sporadic nature of specific, individual harvests, the nutritional content obtained from them collectively were fairly stable throughout the year, indicating this agroecosystem can minimize seasonal food insecurity. This stability is demonstrated by the relative constancy of the nutritional content of milpa harvests from our experimental site compared to variability in the harvests of specific food items. Harvest diversity ensures that even if a particular crop is destroyed or unproductive, Lacandon farmers can still ensure food security for their family and avoid the seasonal food insecurity experienced by many rural smallholders who use non-traditional methods of commodity crop cultivation in the region. Traditional Lacandon milpas can include 50 to 100 different crop species and cultivars (Diemont 2006; Ford and Nigh 2016; McGee 2002; Nations and Nigh 1980) . This diversity can further increase the agroecosystem's productive capacity and resilience in the face of environmental variability, thereby ensuring food security for Lacandon farmers. Additionally, Lacandon farmers store foods for later consumption during periods of low productivity, as evidenced by the dominance and variety of corn cultivars stored (e.g., white and red corn) planted in milpas. These results underscore the importance of increasing the number of fruit trees and crop diversity in smallholder agroecosystems to minimize seasonal food insecurity as suggested by Bacon et al. (2014) .
Lacandon farmers generally abandon their milpas after three to five years' cultivation due to declining crop yields associated with either declining soil fertility or increasing weed encroachment. However, we did not observe any conclusive interannual declines in productivity in our milpa plots over the three years of the study. Yields changed differently over time depending on the crop. Chayote was the only crop which declined continuously from year to year. Other crop yields, such as corn and taro (Xanthosoma spp.), remained relatively stable over the study period. Other yields, such as for papaya, plantain, and tomato (Solanum lycopersicum) oscillated inter-annually. Finally, the yields of some crops, including beans and yams (Dioscorea spp.), increased continuously. Regardless of these inter-annual changes in crop yields, milpa harvests consistently provided enough nutrients to ensure food security for Lacandon farmers and their families, thereby demonstrating this agroecosystem's resilience.
The constant yields may have been a result of our intense management of a small experimental site, which would be difficult to maintain in a larger milpa, or due to the fact that we only observed three years of cultivation, which may be insufficient to reduce soil fertility at the site. We did not directly relate yield data to biophysical variables, including soil fertility, the number of each crop planted, and climate. Finally, while Lacandon milpa management may maintain the productive capacity of a site for up to five years, non-traditional milpa management, which replaces labour inputs with herbicides, tends to permit only a maximum of three years of cultivation in a given plot before ruderal herbaceous vegetation outcompetes annual crops (Nigh and Diemont 2013) .
Our measures of corn yields were within an order of magnitude of previous estimates, further corroborating these historical findings concerning Maya milpa productivity. On the low end, Cowgill (1960) reported yields of 855 kg ha −1 in Petén lowland smallholder milpas. Alternatively, Nations and Nigh (1980) reported yields as high as 2800 kg ha −1 in Lacandon Maya milpas. Our findings more closely corroborated the findings of Redfield and Villa Rojas (1962) , Schwartz (2015) , and Villa Rojas (1945), who reported milpa yields of 1144, 1700, and 1358 kg of corn per hectare, respectively. Corn yields alone could meet the caloric needs for 6.6 people even though we observed a mean yield of 1500 kg ha
, which appears to be well below the maximum yield capacity of a traditional Lacandon Maya milpa. Fig. 3 Monthly totals of fish and wild game animals harvested from all pooled Lacandon Maya milpa plots over the duration of the study period. Note scale change with species. Refer to Table 1 for a list of common names Fig. 4 Monthly nutrient totals obtained from all harvested crops pooled from all Lacandon Maya milpa plots over the duration of the study. Note scale change with nutrient. Iodine is not shown because all values were zero. Vitamin A contents for harvested Solanum americanum were outliers and therefore not included in the figure Similarly, our measurements of other milpa crop yields tended to be commensurate with previously observed quantities. We observed average annual bean harvests of 86.7 kg ha −1 , which was more than Arias Reyes (1995) and Teran and Rasmussen (2009) , who only observed 11 and 51 kg ha
, respectively, but an order of magnitude lower than Cowgill (1961) , who measured a mean bean harvest of 747 kg ha . This wide variability is likely a function of individual farmers' management choices. We observed that, while nearly all milpas were dominated by corn, the prevalence of other crops (e.g., tobacco, sweet potato, tree crops, etc.) differed markedly among milpas, even within our experimental system managed by one farmer.
The milpa is the most intensively-managed Lacandon Maya agroforestry stage. It is also likely the most productive in terms of crop yields. Our study demonstrated that nearly all of the nutritional requirements of Lacandon Maya families can be met with milpa management. Our observations of the diverse nutritional profile of traditional Lacandon milpa harvests suggest that diets derived from traditional Lacandon milpas may be more deficient in saturated fat, calcium, cholesterol, sodium, and iodine as opposed to the zinc and niacin deficiencies typical of rural populations in the broader Lacandon region of Chiapas reported by Rosado et al. (1995) . However, there have not been any empirical assessments of the nutritional health of Lacandon Maya populations to assess this. Even so, these deficiencies can be overcome by additional foods provided by the other stages in Lacandon agroforests, which likely complement nutritionally those obtained from the milpa.
Lacandon traditional ecological management extends into later fallow stages with farmers continuing to manage and harvest timber and non-timber forest products from secondary and primary forest stages (Naranjo et al. 2004; Nations and Nigh 1980) . For instance, milpa harvests tended to be deficient in saturated fat, which is unsurprising given that harvests are largely plants in the milpa. We included animals hunted in milpas, increasing the percent DV of total and saturated fat. Lacandon farmers hunt granivores in milpas primarily to defend their crops, but also plant particular trees that attract game species. However, most hunting occurs in the uncultivated secondary forest plots of Lacandon agroforests. Using profits made by selling surplus crops at local markets, farmers also purchase cooking oils to supplement their saturated fat intake. The historic Lacandon likely overcame iodine deficiencies by consuming freshwater fish and eggs. Modern Lacandon can supplement this additionally using iodized salt (Haldimann et al. 2005) .
Although only 2.33 ha of milpa are required to support most of the nutritional needs of Lacandon smallholder families (i.e. 0.44 ha/person), at least 28 ha are needed to allow for continuous milpa cultivation assuming a full 60 year fallow cycle is maintained and milpas are actively managed for five years. All of this can be maintained by a single farmer and their family because most active management takes place in early successional stages (i.e., milpa). Furthermore, assuming a total Lacandon Maya population of 734 individuals (based on population estimates provided by Kashanipour and McGee (2004) and Ross (2002)), we calculate that approximately 3872 ha of agroforests are needed to sustain the current Lacandon Maya population, with 323 ha devoted to milpa cultivation at any given time. This estimate accounts for approximately 6% of the Lacandon Community Zone. Even including non-Lacandon residents in our calculations, increasing regional population estimates to 16,879 (as per CallerosRodríguez (2014)), the land necessary for agroforestry (89,172 ha) is still far less than the total area of the Lacandon Community Zone. By comparison, Ford and Nigh (2016) estimated that approximately 0.3 ha of milpa needed be cultivated to support a single Lacandon. De Jong et al. (2000) calculated that agricultural land cover accounted for 668 ha of Table 4 Mean fraction (as percentage) of daily requirements for an individual provided by all food except Z. mays obtained from a typical 2.33 ha Lacandon Maya milpa as extrapolated from our study plots annually and over the entire duration of the study. Results show mean percent daily values pooled from all study plots over the time period listed in column headings. A value of 100 means the nutritional content of milpa harvests fully meets the daily requirements of an individual as per the United States Food & Drug Administration (i.e., a value of 530 is needed to meet the nutritional requirements of a typical Lacandon family). The rightmost column lists the percent change from the milpa harvest results in Table 2 Lacandon territory in 1996, but this total does not include secondary agroforest cover, which was listed as secondary forest and shrubs. They found that this land cover occupied 18,943 ha of the Lacandon territory. Our estimate is very rough, and assumes no primary forest is maintained, management of a given milpa is maintained for a full five years without fail and successional agroforestry sequences occur on 60 year cycles exactly. However, it underscores the potential role this agroecosystem can play in addressing food insecurity and mitigating the rapid land use change occurring in the Chiapan Lacandon Rainforest, both of which are associated with a burgeoning population. The Lacandon Rainforest region's total population grew from 12,000 in 1960 to over 300,000 in 1996 (Homer-Dixon 1996 . However, mature forest cover in the region declined by 31% from 1976 to 1996, while agricultural land cover increased by 21% over the same time period (De Jong et al. 2000) . In addition to ensuring food security, it is also important to consider traditional milpa management's role in providing food sovereignty. While food security addresses meeting basic nutritional requirements without necessarily being concerned with the nature or origin of the food, food sovereignty emphasizes Bthe right of peoples to healthy and culturally appropriate food produced through ecologically sound and sustainable methods, and their right to define their own food and agriculture systems^ (Nyéléni 2007) . For Lacandon Maya farmers, milpa cultivation is more than an activity to procure food. It is part of a cultural script passed down over centuries from generation to generation that fundamentally defines, enacts, and reinforces their identities and relationships with the other members of their ecological and social communities (de Frece and Poole 2008) . Furthermore, it is said that Maya Bdo not make milpa to live, but live to make milpa^ (McGee 2002) . Maya cosmology is interwoven into milpa management, thus making milpa a spiritual act or sacred duty, commemorating their creation (de Frece and Poole 2008; McGee 2002) . It also provides them with culturally-important foods that permeate their diets and traditions. For example, according to Maya legend, their ancestors were made from corn (Bassie-Sweet 2000) , which is also one of the central crops in the milpa and provides most of the nutritional content they need. Thus, Lacandon TEK is important to the cultural integrity of Maya communities and the ecological integrity of Mexican tropical lowland ecosystems and explains why many have vehemently opposed development efforts to increase the productivity of their agroecosystems using methods that are incongruent with traditional management (de Frece and Poole 2008) .
Despite their value, various socioeconomic pressures are disincentivizing traditional Maya milpa management. For example, the Chiapan government is offering payments to cease traditional burning practices given the assumption that this land use change emits carbon and contributes to climate change (Alexandrova et al. 2014; Nigh and Diemont 2013) . Intergenerational knowledge transfer is also being disrupted as young people begin to forgo learning about traditional agroecological management in favor of working in the burgeoning service industries that tourists demand (McGee 2002).
Limitations
Using a case study approach allowed us to thoroughly and comprehensively quantify the full range of foods harvested from our experimental site. However, it also prevents us from drawing far-reaching conclusions regarding the productivity of Lacandon milpa agroecosystems at large, as we could not account for variability in productivity resulting from differences in management and local environmental conditions. Further work is necessary to determine whether the yields of other Lacandon milpas are similar to those we observed.
Additionally, our study was limited to a Lacandonmanaged milpa. Milpa is a term broadly used to characterize maize-dominated small-scale Mesoamerican agroecosystems which are cultivated by nearly 2 million households and cover approximately 6 million ha (Bellon et al. 2014) . The conclusions we draw regarding the sustainability and viability of Lacandon agroforestry are not necessarily applicable to these other forms of milpa management. For example, Ford and Nigh (2016) noted a more than three-fold difference between the maize yields harvested from milpas managed by Maya groups in different regions of Mesoamerica, with Lacandon Maya milpas being the most productive. Additionally, Collier and Quaratiello (2005) argued that the milpa management of smallholders (many of whom are indigenous to other regions of Chiapas or Mexico themselves) who settled in the Lacandon Rainforest region in the latter half of the twentieth century and make up a majority of the local population, is better adapted to the more fertile soils and milder weather of their previous lands as opposed to the nutrient-poor, weathered soils and intense climate of the tropical lowland moist forest in south-eastern Chiapas. Finally, the Lacandon Maya have stable land tenure and a large amount of land relative to their population, contrasting with the often tenuous land tenure (the government is threatening many communities that settled within the borders of what has since become the Montes Azules Biosphere Reserve with relocation) and relatively limited land accessible to non-Lacandon smallholders (Collier and Quaratiello 2005; Weinberg 2002 ). All these factors may contribute to food insecurity among the diverse and numerous rural smallholders in the Lacandon Rainforest region.
The nutritional information we analysed was primarily derived from unprocessed, raw foods. However, Lacandon Maya prepare and cook most of the crop products and meats we considered. While processing can make some nutrients in some foodstuffs available for humans, it can also reduce their total nutritional content. For instance, much of the corn, which contributes a majority of the total nutritional content of all milpa yields, is field corn. This field corn is nixtamalized, decreasing its B vitamin content and raising the bioavailability of niacin and calcium (Pappa et al. 2010) . Corn is subsequently processed into cornmeal for traditional foods such as tortillas, tamales, and pozol. Furthermore, we assumed none of the harvested food was lost to spoilage and the total harvested mass was edible (except in the case of corn, with harvested mass that we converted to edible mass based on empirical data from Atran et al. (1993) ). These assumptions overestimated the total available nutritional content of milpa harvests. However, even assuming that half of the nutritional content of harvested foods is lost during processing, this still ensures sufficient caloric, carbohydrate, fiber, sugar, protein, vitamin A, vitamin C, iron, zinc, and niacin content for an averagesized Lacandon Maya family.
While most milpas are approximately 2.33 ha in size, the total area of our experimental plots was only 0.3 ha. As a result, we extrapolated our findings to a larger area. Many agricultural systems tend to have yield economies of scale. That is, the financial and labour costs required to maintain larger cultivated areas tend to decrease and eventually plateau with increasing area (Duffy 2009 ). As a result, it may be that larger milpas may be even more efficient in producing high crop yields than the data we extrapolated and report here. However, traditional agroecosystems, like those of the Lacandon, are unlikely to benefit significantly from economies of scale because they do not utilize external or energyintensive inputs. They do this in part for practical reasons, namely that their diverse polycultures and knowledgeintense form of management preclude the use of large machinery. They also recognize that increasing the size of their milpas would either increase the amount of labour they would need to exert or force them to utilize technologies and management strategies that may reduce the resilience and health of their agroecosystems. Many traditional farmers are opposed to such changes because their subsistence depends upon the sustainability of their land management methods, which rely upon detailed and extensive traditional ecological knowledge as opposed to external energy inputs (Falkowski et al. 2015) . Therefore, our results may not underestimate the yield per unit area of Lacandon milpas due to the small size of our experimental plots.
While size of our plots may not influence crop yield per unit area, our plots probably suffered edge effects, despite the buffer zones we cleared around them. Our milpa plots were cultivated on a plot of land surrounded by secondary forest. This forest shaded the milpas, provided habitat for animals which may have eaten crops and themselves been hunted, and acted as a seed source for plants that competed with crops. Such edge effects are inherent to Lacandon milpas because they are cultivated within a larger landscape matrix including agroforest, secondary forest and primary forest patches. However, because our multiple plots were separated, their total perimeter length (500 m) was greater than it would be for a single, continuous plot of the same area (89.44 m). Thus, our observations may have underestimated the yields per hectare of an actual equivalently-sized milpa.
Conclusions
These results underscore the importance of considering a range of crops and nutrients in quantifying the productivity of traditional agroecosystems. Future studies should avoid assessments that overlook the importance of diversity to these systems' function and viability. While corn is a dominant crop in milpas and an essential nutrient source for Lacandon farmers' families, other crops are essential for maintaining food security, food sovereignty, and the resilience of the agroecosystem. In the case of the Lacandon Maya, future work could quantify the foods harvested from secondary forests to determine whether they complement the nutritional deficiencies associated with an entirely milpa-based diet.
Our findings show that the traditional agroecosystem management of the Lacandon can ensure food security for their families. Rather than be discounted as a cause of poverty for rural smallholders, traditional milpa management should be celebrated as a valuable land management system that sustains their livelihoods. The diversity of milpas may preclude industrial intensification in this agroecosystem, but it ensures resilience and adaptability in the face of environmental and economic uncertainty.
It is important to note that traditional Maya milpa management provides other ecosystem services than food provision, including supporting services such as habitat for diverse biological communities, regulating services such as pollination and soil fertility, and cultural ecosystem services such as sense of place and education. Thus, Lacandon TEK is an important example of sustainable socioecological management. However, this important TEK will be lost if its value is not fully recognized by land managers, government agencies, and scientists alike.
